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I SUMMARY 

Three a i r f o i l s  designed for  h e l i c o p t e r  rotor a p p l i c a t i o n  have been i n v e s t i g a t e d  

The 
1 t o  determine t h e  two-dimensional aerodynamic c h a r a c t e r i s t i c s  a t  Mach numbers from 

0.34 t o  0.88 and respective Reynolds numbers from about  4.4 x l o 6  t o  9.5 x lo6 .  
a i r f o i l s  have thickness- to-chord ra t ios  of  0 .08 ,  0.10, and 0.12 with maximum th i ck -  
ness  a t  40 pe rcen t  chord and maximum camber a t  about  35 pe rcen t  chord. The maximum 
camber of t h e  10-percent-thick a i r f o i l  is 1.55 t i m e s  t h a t  of t h e  8-percent- thick 
s e c t i o n ,  and t h e  maximum camber of t h e  12-percent-thick s e c t i o n  i s  2 t i m e s  t h a t  of 
t h e  8-percent- thick s e c t i o n .  Trai l ing-edge r e f l e x  w a s  app l i ed  t o  minimize p i t c h i n g  
moment. 

I 

1 
~ 
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The maximum normal-force c o e f f i c i e n t  of t h e  RC(3)-12 a i r f o i l  is f r o m  0.1 t o  0.2 
h ighe r ,  depending on Mach number M, than  t h a t  of t h e  NACA 0012 a i r f o i l  tested i n  t h e  
s a m e  f a c i l i t y .  The maximum normal-force c o e f f i c i e n t  of t h e  RC(3)-10 is  about  equal  
t o  t h a t  of t h e  NACA 0012 a t  Mach numbers t o  0.40 and is  h ighe r  t han  t h a t  of t h e  
NACA 0012 a t  Mach numbers above 0.40. The maximum normal-force c o e f f i c i e n t  of t h e  
RC(3)-08 is about  0.19 lower than  t h a t  of the NACA 0012 a t  M = 0.35 and about  0.05 

I l o w e r  a t  M = 0.54. 

A t  Mach numbers f r o m  0.34 t o  0.58, t h e  pitching-moment c o e f f i c i e n t  about  t h e  
I 

aerodynamic c e n t e r  f o r  t h e  t h r e e  a i r f o i l s  d i scussed  h e r e i n  varied from 0 t o  -0.01. 

M = 0.80 f o r  t h e  R C ( 3 ) - 1 0 ,  and M = 0.86 f o r  t h e  RC(3)-08. 
I The c o e f f i c i e n t  reached a va lue  of about -0.02 a t  M = 0.69 f o r  t h e  RC(3)-12, 

I 
I 

The drag-divergence Mach number of t h e  RC(3)-08 a i r f o i l  a t  normal-force c o e f f i -  
c i e n t s  below 0.1 w a s  i n d i c a t e d  t o  be greater than  t h e  maximum tes t  Mach number of 
0.88. A t  z e ro  l i f t ,  t h e  drag-divergence Mach numbers of t h e  RC(3)-12 and t h e  
RC(3)-10 are about  0.77 and 0.82, r e spec t ive ly .  The drag-divergence Mach numbers 
are gene ra l ly  h igher  than  those  of comparable a i r f o i l s  designed for h e l i c o p t e r  
rotors,  bu t  the maximum normal-force c o e f f i c i e n t s  are about  0.1 l o w e r .  

INTRODUCTION 

As part  of an e f f o r t  by t h e  NASA and the U.S. Army t o  provide a i r f o i l s  w i th  
improved e f f i c i e n c y  f o r  h e l i c o p t e r  rotors, an a i r f o i l  design approach w a s  a n a l y t i -  
c a l l y  and exper imenta l ly  eva lua ted .  The r e s u l t s  are p resen ted  i n  r e fe rences  1 and 
2. Rased on t h e s e  r e s u l t s ,  another  a i r f o i l  s e c t i o n  (ref. 3) w a s  designed i n  an  
attempt to  i n c r e a s e  t h e  maximum normal-force c o e f f i c i e n t  a t  Mach numbers near  0.4 
t o  0.5 whi le  main ta in ing  t h e  same drag-divergence c h a r a c t e r i s t i c s  i n d i c a t e d  i n  refer- 
ence 2. The r e s u l t s  of r e fe rence  3 show t h a t  t h e  basic des ign  objectives w e r e  
reached b u t  an unexpected i n c r e a s e  i n  drag  c o e f f i c i e n t  with i n c r e a s i n g  Mach number 
(or drag  creep) occurred  a t  normal-force c o e f f i c i e n t s  near  zero.  Analysis  of t h e  
data i n d i c a t e d  t h a t  t h e  d rag  creep r e s u l t e d  from t h e  lower-surface leading-edge 
supersonic  f l o w  a s s o c i a t e d  with t h e  combination of leading-edge r a d i u s  and leading-  
edge camber. I n  order t o  reduce t h e  drag creep while  r e t a i n i n g  t h e  o t h e r  f avorab le  
c h a r a c t e r i s t i c s ,  a new set of t h r e e  a i r f o i l s  w a s  designed,  each of which had a new 
camber d i s t r i b u t i o n .  The new a i r fo i l s  had thickness- to-chord ra t ios  of 0.08, 0.10, 
and 0.12 t o  cover a range of th icknesses  t h a t  could  be used a t  d i f f e r e n t  s t a t i o n s  
a long  t h e  r a d i u s  of a t y p i c a l  h e l i c o p t e r  rotor .  



Models of t h e s e  t h r e e  a i r f o i l s  w e r e  t e s t e d  i n  t h e  Langley 6- by 28-Inch Tran- 
s o n i c  Tunnel ( r e f .  4 )  a t  Mach numbers from about  0.34 t o  0 . 8 8 .  The r e s p e c t i v e  
Reynolds numbers v a r i e d  from about  4 . 4  X lo6 t o  9.5 x l o6  f o r  t h e  lowest to h i g h e s t  
Nach number, r e spec t ive ly .  The models were t e s t e d  wi th  n a t u r a l  boundary-layer t r a n -  
s i t i o n .  Normal-€orce and pitching-moment c o e f f i c i e n t s  w e r e  determined from measure- 
ments of a i r f o i l  s u r f a c e  s t a t i c  p res su res ,  and drag  c o e E f i c i e n t s  were determined from 
measurements of wake t o t a l  and s t a t i c  p r e s s u r e s .  The drag-divergence c h a r a c t e r i s t i c s  
and maximum normal-force coeE€ic ien ts  of t h e s e  t h r e e  a i r f o i l s  are compared wi th  those  
f o r  o t h e r  a i r f o i l s  with similar thickness- to-chord ra t ios  i n  r e f e r e n c e  5 .  The com- 
p a r i s o n s  of re ference  5 are presented  h e r e i n  also.  A s  mentioned l a t e r  i n  t h e  s e c t i o n  
" A i r f o i l  Descr ip t ion ,"  t h e  a i r f o i l  des igna t ion  applied i n  r e f e r e n c e  5 has  been 
changed t o  the  new NASA des igna t ion .  

SYMBOLS 

The u n i t s  used €or t h e  phys ica l  q u a n t i t i e s  i n  t h i s  paper  are given i n  both t h e  
I n t e r n a t i o n a l  System of Uni t s  ( S I )  and U . S .  Customary Uni t s .  The measurements and 
c a l c u l a t i o n s  were made i n  U.S. Customary Uni t s .  

C 

Cd 

C '  d 

cm 

C m , o  

n c 

P C 

h 

M 

Mdd 

2 

a i r f o i l  chord,  c m  ( i n . )  

Ah s e c t i o n  p r o f i l e - d r a g  c o e f f i c i e n t ,  cl - 
d c  Wake 

poin t -drag  c o e f f i c i e n t ,  

s e c t i o n  pitching-moment c o e f f i c i e n t  about  quar te r -chord ,  

U.S. [ '~(o.'~ - :)(E) + s(f)(F)] + L.S. x- [CP(0.25 - :)(E) + cp(f)(E)] 

sec t ion  pitching-moment c o e f f i c i e n t  about  aerodynamic c e n t e r  

f Ax\ 1 Ax\ s e c t i o n  r ivi inai-force c o e f f i c i e n t ,  C c + c \-) 
L.S. P C  P C  U.S. 

p ,  - p w  

'm 

s t a t i c - p r e s s u r e  c o e f f i c i e n t ,  

absolute magnitude of he igh t  of wake-survey probe tubes  from given r e fe rence  
plane,  c m  ( i n . )  

Mach number 

Mach number f o r  drag  divergence,  - - - 0 . 1  
dc  

dM 



P s ta t ic  pressure, Pa ( p s i )  

9 dynamic p r e s s u r e ,  ~ p v ~ ,  Pa (p s i )  

R Reynolds number based on a i r f o i l  chord and free-s t ream cond i t ions  

1 =  

f 

t a i r f o i l  t h i ckness ,  cm ( i n . )  

V v e l o c i t y ,  m/sec ( f t / s e c )  

X a i r f o i l  a b s c i s s a ,  c m  ( i n . )  

z a i r f o i l  o r d i n a t e ,  cm ( i n .  ) 

o r d i n a t e  of a i r f o i l  mean l i n e ,  c m  ( in . )  zC 

a a n g l e  of a t t a c k ,  angle  between a i r C o i l  chord l i n e  and airstream 
d i r e c t i o n ,  deg 

a a n g l e  of a t t a c k  c o r r e c t e d  f o r  l i f t - i n t e r f e r e n c e  e f f e c t s ,  deg 

A change i n  parameter 

P d e n s i t y ,  kg/m3 ( s l u g s / f t 3 )  

C 

Subs cr i p  t s : 

1 local  

max maximum 

min minimum 

t t o t a l  

m f r e e  stream 

s o n i c  Mach number equal  t o  1 

Abbreviat ions:  

L.S. lower su r f  ace 

U.S. upper s u r f  ace 

APPARATUS AND METHODS 

A i r f o i l  Designation 

The a i r f o i l s  are designated i n  t h e  form RC(3)-XX. The RC(3) i n d i c a t e s  r o t o r -  
c r a f t  ( t h i r d  series) ; t h e  two d i g i t s  designate  t h e  a i r f o i l  t h i c k n e s s  i n  p e r c e n t  
chord. Thus, t h e  a i r f o i l  s e c t i o n  p rev ious ly  designated i n  r e fe rence  5 as t h e  
RC12(B)3 becomes t h e  RC(3)-12, t h e  RClO(B)3 becomes t h e  RC(3)-10, and t h e  RC08(B)3 
becomes t h e  RC(3)-08. 
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A i r f o i l s  

The a i r f o i l  p r o f i l e s ,  t h i ckness  d i s t r i b u t i o n s ,  and mean l i n e s  (midpoint between 
upper and lower s u r f a c e s )  a r e  p re sen ted  i n  f i g u r e s  1 and 2 ,  and t h e  design coordi-  
na t e s  a r e  presented i n  tables I, 11, and 111. The thickness-to-chord r a t i o s  a r e  
0 . 0 8 ,  0 . 1 0 ,  and 0 . 1 2 .  The maximum th i ckness  of each s e c t i o n  is l o c a t e d  a t  40 p e r c e n t  
chord, and t h e  s e c t i o n s  are d i r e c t l y  s c a l e d  i n  t h i c k n e s s  d i s t r i b u t i o n ,  i. e. ,  t h e  
12-percent t h i ckness  d i s t r i b u t i o n  is 1.5 t i m e s  t h e  8-percent t h i c k n e s s  d i s t r i b u t i o n .  
The maximum camber is loca ted  a t  about 35 p e r c e n t  chord on each a i r f o i l .  The maximum 
camber of t h e  10-percent-thick s e c t i o n  i s  1.55 t i m e s  t h a t  of t h e  8-percent- thick sec- 
t i o n ,  and t h e  maximum camber of t h e  12-percent-thick s e c t i o n  is  2 t i m e s  t h a t  of t h e  
8-percent-thick s e c t i o n .  Trai l ing-edge r e f l e x  was a p p l i e d  t o  minimize p i t c h i n g  
moment. On a h e l i c o p t e r  r o t o r  b l ade ,  p i t c h i n g  moments are r e f l e c t e d  i n t o  p i t c h - l i n k  
( con t ro l - rod )  loads and t h e r e f o r e  must be kep t  l o w .  

Each model w a s  machined from a s t a i n l e s s - s t e e l  block and had a s u r f a c e  f i n i s h  o f  
0.813 p (0.000032 i n . )  ( r o o t  mean s q u a r e ) .  Each had a chord of 15.24 c m  (6.00 i n . )  
and a span of 15.27 c m  (6.01 i n . )  with a leading-edge o r i f i c e  and with 22 o r i f i c e s  
( t a b l e s  I V ,  V, and V I )  l oca t ed  on each s u r f a c e  i n  chordwise rows; t h e  rows w e r e  posi-  
t i o n e d  a t  12.5 p e r c e n t  of t h e  span on e i t h e r  s i d e  o f  t h e  midspan. S l o t s  were m i l l e d  
i n  t h e  a i r f o i l  s u r f a c e ,  and tubes  w e r e  p l aced  i n  t h e  s l o t s  and covered with epoxy t o  
r e s t o r e  t h e  a i r f o i l  p r o f i l e .  The o r i f i c e s  w e r e  t hen  d r i l l e d  from t h e  metal  sides of 
t h e  model t o  the embedded tubes ,  so t h a t  t h e r e  w e r e  no s u r f a c e  i r r e g u l a r i t i e s  nea r  
t h e  o r i f ice  row. The o r i f i c e s  had diameters  of 0.0508 c m  ( 0 . 0 2 0  i n . )  and w e r e  
d r i l l e d  perpendicular  t o  t h e  l o c a l  s u r f a c e  contour .  

Wind Tunnel 

Tunnel desc r ip t ion . -  The Langley 6- by 28-Inch Transonic Tunnel ( r e f .  4 )  is a 
blowdown wind tunne l  with a s l o t t e d  f l o o r  and c e i l i n g  and is  g e n e r a l l y  ope ra t ed  a t  
s t a g n a t i o n  p res su res  from about 207 Pa (30 p s i a )  t o  620 Pa (90 p s i a )  and a t  Mach 
numbers from 0.35 t o  0 . 9 0 .  The s e l e c t i o n  of t h e  0.05-open s l o t  geometry is  desc r ibed  
i n  r e fe rence  6. A t  a s t a g n a t i o n  p res su re  of 620 Pa, t h e  maximum Reynolds number, 
based on a 15.24-cm (6.00-in.)  chord, v a r i e s  from about 7.2 x lo6 a t  a Mach number of 
0.35 t o  about 14.2 x lo6  a t  a Mach number of 0 . 9 0 .  Mach number is  c o n t r o l l e d  by 
h y d r a u l i c a l l y  ac tua t ed  choker doors l o c a t e d  downstream of t h e  t e s t  s e c t i o n .  The 
a i r f o i l  model spans t h e  15.27-cm (6.01-in.)  width of t h e  tunne l  ( f i g .  3 )  and is  
r i g i d l y  a t t ached  by mounting tangs t o  two c i r c u l a r  end p l a t e s  which a r e  d r iven  by a 
h y d r a u l i c  ac:t.iiator t o  p o s i t i o n  t h e  a i r € o i l  a t  t h e  d e s i r e d  geometric anq le  of a t t a c k .  
A t e s t  run usua l ly  c o n s i s t s  of an angle-of-at tack s w e e p  a t  a cons t an t  Mach number and 
n ----- 1 3 -  -.__ L-- 
r r e y I l u L U 3  I I U I L W C L .  

Two-dimensionality of flow.- The r e s u l t s  of an e a r l i e r  i n v e s t i g a t i o n  of ro to r -  
Cra f t  a i r f o i l s  i n  t h e  Langley 6- by 28-Inch Transonic  Tunnel ( r e f .  7) have shown t h a t  
t h e  i n d i c a t e d  maximum normal-force c o e f f i c i e n t  is  reduced by t u n n e l  s i d e w a l l  
boundary-layer i n f l u e n c e s .  This is c h a r a c t e r i s t i c  of two-dimensional wind t u n n e l s  
without  proper s idewa l l  boundary-layer c o n t r o l .  

I 

A comparison of t h e  NACA 0012 data  measured i n  t h i s  f a c i l i t y  with unpubl ished 
d a t a  from two o t h e r  E a c i l i t i e s  has been u s e f u l  i n  i n d i c a t i n g  t h e  magnitude of t h e  
maximum normal-force c o e f f i c i e n t .  The f a c i l i t i e s  a r e  t h e  Langley Low-Turbulence 
P res su re  Tunnel and t h e  United Technologies Research Center  8-foot  t unne l .  A t  s i m i -  
l a r  Reynolds numbers and a t  a Mach number of 0.36, t h e  maximum normal-force c o e f f i -  
c i e n t s  measured are about 0.15 h ighe r  than t h o s e  from t h e  Langley 6- by 2 8-Inch 
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Transonic  Tunnel. The d i f f e r e n c e  between the d a t a  from t h e  Langley 6- by 28-Inch ' 
Transonic  Tunnel and t h e  United Technologies da t a  decreases  t o  near 0 .05 t o  0.10 a t  

1 a Mach number of about 0.53. The same t rends could reasonably be expected f o r  o t h e r  
a i r f o i l  s e c t i o n s  al though t h e  numerical increments may be d i f f e r e n t .  

I An i n v e s t i g a t i o n  conducted i n  t h e  Off ice  Na t iona l  d 'Etudes e t  de Recherches 
Aerospa t i a l e  (0NERA)RI Ch wind tunnel  (ref.  8 )  has  shown t h a t  t h e  tunne l  s i d e w a l l  

~ boundary l a y e r  can a f f e c t  t h e  normal-force c o e f f i c i e n t s  a t  a l l  ang le s  of a t t a c k .  I n  
1 t h e  i n v e s t i g a t i o n  of r e fe rence  8, t h e  s idewall  boundary-layer t h i ckness  was v a r i e d  by  
1 a pp ly ing  s i d e w a l l  s u c t i o n  upstream of t h e  model while  t h e  Mach number and Reynolds 
I number were he ld  cons t an t .  Generally,  an inc rease  i n  s idewa l l  boundary-layer t h i ck -  
I ness  r e s u l t e d  i n  a decrease i n  t h e  normal-force c o e f f i c i e n t  a t  a given ang le  of 
I a t t a c k .  

. 

I 

Although some p rogres s  has  been made toward an  understanding of t h e  i n f l u e n c e s  
of tunne l  s i d e w a l l  boundary l a y e r  on a i r f o i l  tes t  r e s u l t s ,  t h e  s t a t e - o f - t h e - a r t  does 
n o t  permit a gene ra l  c o r r e c t i o n  of two-dimensional wind-tunnel d a t a  t o  account €or 
t h e s e  i n f l u e n c e s .  Because of t h i s ,  test  r e s u l t s  i n  t h i s  r e p o r t  are compared ( a s  
a p p r o p r i a t e )  with those  f o r  t h e  NACA 0012 a i r f o i l  t e s t e d  i n  t h e  same wind t u n n e l  
( r e f .  7 )  a t  comparable Reynolds numbers. 

Appa r a t  u s  

Wake-survey probe.- A t r a v e r s i n g  wake-survey probe is  c a n t i l e v e r e d  from one 
t u n n e l  s i d e w a l l  t o  measure t h e  p r o f i l e  drag of t h e  a i r f o i l s .  The probe sweep r a t e ,  
which w a s  s e l e c t e d  a f t e r  experimental  determinat ion of accep tab le  l a g  t i m e  i n  t h e  
p r e s s u r e  measurements, was about 2.54 cm/sec ( 1 . O O  i n / sec )  . 

The probe ( f i g .  3 )  was loca ted  1 . 6 7 ~  (based on t h e  15.24-cm (6.00-in.) chord 
model) downstream of t h e  a i r f o i l  t r a i l i n g  edge and had a maximum v e r t i c a l  t r a v e l  of 
about f27.9 c m  ( f l l .O  i n . )  from t h e  tunne l  cen te r  l i n e .  Data a r e  acqu i r ed  with f o u r  
t o t a l - p r e s s u r e  tubes ,  which are made of s t a i n l e s s - s t e e l  t ub ing  with a 1.53-mm 
(0.060-in. 1 o u t s i d e  diameter and a 1.02-mm (0.040-in. ) i n s i d e  diameter and which are 
spaced 0.953 cm (0.375 i n .  ) a p a r t  l a t e r a l l y  a s  shown i n  f i g u r e  4. 

Instrumentat ion.-  A l l  measurements were ob ta ined  with a high-speed computer- 
c o n t r o l l e d  d i g i t a l  da t a  a c q u i s i t i o n  system and w e r e  recorded by a high-speed tape - - 

recording u n i t  ( r e f .  4 ) .  A l l  free-stream cond i t ions  w e r e  determined from s t a g n a t i o n  
and s t a t i c  p r e s s u r e s .  A l l  a i r f o i l  s u r f a c e  p re s su res  and a l l  wake p r e s s u r e s  w e r e  
measured with p r e c i s i o n  c a p a c i t i v e  potent iometer  p r e s s u r e  t r a n s d u c e r s .  The e lectr i -  
c a l  o u t p u t s  from each of t h e s e  t r ansduce r s  were connected t o  i n d i v i d u a l  autoranging 
s i g n a l  c o n d i t i o n e r s  which have seven a v a i l a b l e  ranges.  The ou tpu t  s i g n a l s  from t h e  
f o u r  s i g n a l  c o n d i t i o n e r s  measuring t h e  wake p r e s s u r e s  w e r e  f i l t e r e d  with 20-Hz low- 
pass f i l t e r s  b e f o r e  inpu t  t o  t h e  data  a c q u i s i t i o n  system; t h e  range of f r equenc ie s  t o  
be passed was experimental ly  determined during a p rev ious  i n v e s t i g a t i o n .  The geomet- 
ric angle  of a t t a c k  w a s  determined from t h e  output  of a d i g i t a l  s h a f t  encoder 
a t t a c h e d  t o  a p i n i o n  engaging a rack on one model support  end plate. 

T e s t s  and Methods 

The tests w e r e  conducted a t  Mach numbers from 0.34 t o  0 . 8 8  and a t  Reynolds num- 
bers from 4.4 x lo6 t o  9.5 x l o 6  a t  t h e  lowest and h i g h e s t  test  Mach numbers, respec- 
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t i v e l y .  Geometric ang le s  of a t t a c k  ranged from -4 .0°  t o  14 .0°  a t  t h e  lower test  Mach 
numbers: t h i s  range w a s  decreased a t  t h e  h ighe r  tes t  Mach numbers. 

Sec t ion  normal-force and pitching-moment c o e f f i c i e n t s  w e r e  c a l c u l a t e d  from t h e  
a i r f o i l  surface p r e s s u r e s  by a t r a p e z o i d a l  i n t e g r a t i o n  of t h e  p r e s s u r e  c o e f f i c i e n t s .  
The p r e s s u r e  c o e f f i c i e n t  a t  t h e  most rearward o r i f i c e  on each s u r f a c e  was a p p l i e d  
from t h a t  s t a t i o n  t o  t h e  a i r f o i l  t r a i l i n g  edge i n  t h e  i n t e g r a t i o n .  Each of t h e  
p r e s s u r e  c o e f f i c i e n t s  r e p r e s e n t s  t h e  average of f i v e  measurements ob ta ined  i n  a 
1 .O-second i n t e r v a l .  

I 
I 

I 

A form of t h e  equat ion descr ibed i n  r e f e r e n c e  9 was used t o  c a l c u l a t e  t h e  po in t -  1 
drag c o e f f i c i e n t s  Erom t h e  measured wake p r e s s u r e s ,  and a t r a p e z o i d a l  i n t e g r a t i o n  of 
t h e  point-drag c o e f f i c i e n t s  w a s  used t o  c a l c u l a t e  t h e  drag c o e E f i c i e n t .  The s t a t i c  
p r e s s u r e s  used i n  t h e  wake-drag c a l c u l a t i o n  w e r e  measured with tunne l  s i d e w a l l  o r i -  
f i c e s  l o c a t e d  a t  t h e  same l o n g i t u d i n a l  t u n n e l  s t a t i o n  a s  t h e  t i p s  of t h e  tubes on t h e  
wake-survey probe. A l l  t he  drag c o e f f i c i e n t s  p re sen ted  i n  t h i s  paper  r e p r e s e n t  t h e  
mean of t h e  measurements made with fou r  t o t a l - p r e s s u r e  tubes  on t h e  wake-survey probe 
i n  one sweep through a wake. 

I 

The c o r r e c t i o n s  f o r  l i f t  i n t e r f e r e n c e ,  which have been a p p l i e d  t o  t h e  ang le s  of I 

a t t a c k ,  w e r e  obtained from re fe rences  6 and 10. The b a s i c  equa t ions  f o r  t h e  correc-  
t i o n  (see r e f .  1 0 )  a r e  

a = a + A a  
C 

where 
I 

Aa = 3(A)(L)(lE) 8 36.195 k + 1 

a 
h k = - K  

I n  t h e  expression f o r  k ,  a is t h e  s l o t  spacing and h is t h e  semiheight of t h e  
tunne l .  The s lo t t ed -wa l l  boundary-condition c o e f f i c i e n t  k €o r  t h e  p r e s e n t  t u n n e l  
c o n f i g u r a t i o n  is 0.4211K. A va lue  of 3 . 5  was s e l e c t e d  f o r  t h e  s l o t t e d - w a l l  pe r fo r -  
mance c o e f f i c i e n t  K, based on t h e  data  and d i s c u s s i o n  p resen ted  i n  r e fe rence  6.  
This  s u b s t i t u t i o n  r e s u l t s  i n  a c o r r e c t i o n  given by t h e  equat ion 

where Aa is  the  angle-of-attack c o r r e c t i o n  i n  degrees ,  c is  t h e  a i r f o i l  chord i n  
cen t ime te r s ,  cn i s  t h e  s e c t i o n  normal-force c o e f f i c i e n t ,  and t h e  cons t an t  (0 .0800)  
is  i n  degrees pe r  cen t ime te r .  
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PRESENTATION OF RESULTS 

t The r e s u l t s  of t h e  i n v e s t i g a t i o n  have been reduced to  c o e f f i c i e n t  form arid a re  
p r e s e n t e d  as fol lows:  

Figure 

Aerodynamic c h a r a c t e r i s t i c s  of RC(3)-08, RC(3)-10, and RC(3)-12 a i r f o i l s  .... 5 
V a r i a t i o n  i n  maximum normal-force c o e f f i c i e n t  with Mach number 5 

i 

1 wi th  Mach number .......................................................... 7 

! 

.............. I 
I V a r i a t i o n  i n  maximum r a t i o  of s e c t i o n  normal-force c o e f f i c i e n t  t o  d rag  

V a r i a t i o n  i n  pitching-moment c o e f f i c i e n t  about aerodynamic c e n t e r  

I .............................................. c o e f f i c i e n t  with Mach number s 
9 

I Mach number ............................................................... 10  

Mach number f o r  12-percent-thick a i r f o i l s  ................................. 11 

Mach number f o r  near-10-percent-thick a i r f o i l s  ............................ 1 2  

V a r i a t i o n  i n  s e c t i o n  drag c o e f f i c i e n t  with Mach number ...................... 
V a r i a t i o n  i n  s e c t i o n  normal-force c o e f f i c i e n t  with drag-divergence 

Comparison of maximum normal-force c o e f f i c i e n t  and drag-divergence 

Comparison of maximum normal-force c o e f f i c i e n t  and drag-divergence 

Comparison of maximum normal-force c o e f f i c i e n t  and drag-divergence 

I 

I Mach number f o r  near-8-percent-thick a i r f o i l s  ............................. 13 
I P r e s su re  d i s t r i b u t i o n  over RC(3)-08 a i r fo i l  ................................. 14 

P res su re  d i s t r i b u t i o n  over RC(3)-10 a i r f o i l  ................................. 15 
I Pressu re  d i s t r i b u t i o n  over RC(3)-12 a i r f o i l  ................................. 16 

I DISCUSSION OF RESULTS 
1 

Normal-Force C o e f f i c i e n t  

I 
The maximum normal-force c o e f f i c i e n t s  of t h e  RC(3)-08, RC(3)-10, and RC(3)-12 

a i r f o i l s  are i n d i c a t e d  by t h e  normal-force c o e f f i c i e n t  curves of f i g u r e  5 ( a )  and are 
summarized i n  f i g u r e  6. The r e s u l t s  of f i g u r e  6 are p resen ted  as a func t ion  of Mach 
number along with d a t a  f o r  t h e  NACA 0012 ( r e f .  7) measured i n  t h e  same wind t u n n e l  
a t  comparable Reynolds numbers. As i nd ica t ed  i n  t h e  d i scuss ion  of t h e  two- 
d imens iona l i ty  of t h e  flow, t h e  maximum normal-force c o e f f i c i e n t s  are be l i eved  t o  be 
conse rva t ive  (or low) bu t  incremental ly  c o r r e c t .  Both f i g u r e s  5 ( a )  and 6 show t h a t  
a t  Mach numbers below about 0.63, i n c r e a s e s  with i n c r e a s e s  i n  t e s t  a i r f o i l  
t h i ckness .  This t r e n d  r e s u l t s  from inc reases  i n  both leading-edge r a d i u s  and camber. 
An a n a l y s i s  of t h e  p r e s s u r e  d i s t r i b u t i o n s  ( f i g s .  14, 15, and 16) a t  midrange ang le s  
of a t t a c k  shows t h a t  t h e  leading-edge minimum p r e s s u r e  c o e f f i c i e n t s  become less nega- 
t i v e  and t h e  midchord minimum pressures become more neqat ive due t o  t h e  combined 
i n c r e a s e s  i n  th i cknesses  and camber. This change i n  p r e s s u r e  d i s t r i b u t i o n  (which 

upper-surface p r e s s u r e  g r a d i e n t )  permits  higher normal-force c o e f f i c i e n t s  b e f o r e  
s t a l l  with i n c r e a s i n g  th i ckness .  

I 
cF,max 

1 r e s u l t s  i n  decreases i n  l o c a l  Mach number i n  t h e  leading-edge region and decreases  i n  
I 

RC(3)-12.- The RC(3)-12 a i r f o i l  provided a maximum normal-force c o e f f i c i e n t  
about 0.10 h ighe r  t han  t h a t  of t h e  NACA 0012 a i r f o i l  ( f i g .  6 )  a t  a Mach number of 
about  0.35 (1.22 compared t o  1.12). A t  a Mach number of 0.54 ( t h e  h i g h e s t  Mach num- 
utx at which c 
d i f f e r e n c e  is  about 0.2 (1 .10  compared t o  0 .90 ) .  The d i f f e r e n c e  r e s u l t s  from t h e  
camber of t h e  RC(3)-12 a i r f o i l .  Locating the maximum t h i c k n e s s  f o r  t h e  RC(3)-12 a t  
40 percen t  chord may have a s l i g h t l y  adverse i n f l u e n c e  on c ~ , ~ ~ ~  compared t o  t h a t  
f o r  a more forward l o c a t i o n  ( r e f .  11 )  b u t  would be expected t o  have a f a v o r a b l e  
i n f l u e n c e  on t h e  &tag divergence Mach number ( r e f .  1) 

__-_ >-c:--> e--- LL- X T ~ ~ A  n n i ?  -:-c-:q I-.- --c ? \  IL- w a b  U ~ L I I I ~ U  LUL L I I ~  iinLn v u  I L  a iLJ .u i I  uy  LCL. I J , L J ~ C  i i i d i ~ ~ t e d  1_ 

n,max 
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RC(3)-10.- The maximum normal-force coefficients for the RC(3)-10 and the 
NACA 0012 airfoils (fig. 6) are about equal at Mach numbers between about 0.35 and 
0.50, with indicated values for the RC(3)-10 varying from about 1.10 to 0.94. The 
camber of the RC( 3)-IO airfoil compensates for the di€ference in thickness and 
leading-edge radius by resulting in a higher loading between about 0.25~ and 0.75~ 
than that for the NACA 0012 airfoil (figs. 15(a) and 15(b) and ref. 7). Supercrit- 
ical flow is indicated in the leading-edge region (fig. 15) for c ~ , ~ ~ ~  at all test 
Mach numbers. Generally, this caused a decrease in c ~ , ~ ~ ~  with increase in Mach 
number; however, at Mach numbers above 0.54, supercritical flow resulted in a favor- 
able influence, so that cnfmax is slightly higher than at a Mach number of 0.54. 

RC(3)-08.- The combined reduction in thickness and camber caused the RC(3)-08 
airfoil to have an indicated 
with about 1.10 for the RC(3)-10. An analysis of the static-pressure distributions 
of figure 14 suggests that at cnfmaxf local supercritical flow occurs at a stream 
Mach number of about 0.38. (See ac = 7.1O.I That is, the pressure coefficient 
measured at 0.0705~ (fig. 14(b)) is slightly supercritical at ac = 7.10, which is 
below the angle corresponding to cnfmax (fig. 5). It seems likely that the local 
Mach number at this location is even higher at angles of attack greater than 7.10. 
Therefore, the gradual decrease in 
apparently results from a corresponding increase in the influences of supercritical 
flow. At Mach numbers of 0.63 to 0.69 (fig. 61, the supercritical flow has a favor- 
able influence on c ~ , ~ ~ ~ .  

c ~ , ~ ~ ~  of about 0.93 at a Mach number of 0.34 compared 

cnfmax with increasing Mach number to about 0.54 

An analysis of the static-pressure distributions of the RC(3)-10 and the 
RC(3)-12 airfoils indicates that stall results from trailing-edge boundary-layer 
separation which exists at cnfmax at all Mach numbers of this investigation. The 
trailing-edge separation is indicated by the more negative upper-surface pressure 
coefficients at the trailing edge of the airfoil as cnfmax is reached. Although 
not as easily discerned, the stall of the RC(3)-08 is believed to be of the trailing- 
edge type also, but with a more rapid forward movement of the upper surface separa- 
tion point with increasing angle of attack above the value €or For example, 
at a = 9.1° (which corresponds to cn max ) ,  the pressure coefficient at 0.95~ 

= 7.1°, and the same trend (fig. 14(a)) is slightly more negative than it is for 
can be observed at 0.0705~. This is characteristic of trailing-edge stall. The 
shapes of the curves of figure 5(a) for the RC(3)-08 airfoil are similar to those of 
the RC(3)-10 and RC(3)-12 airfoils, and the curves do not show the abrupt discontinu- 
ity characteristic of airfoils that stall from the leading edge when the angle of 
attack for cnfmax is exceeded (ref. 12) . 

cnfmax. 
C 

aC 

Pitching-MoIRent Coefficient 

The pitching-moment coeEficients about the aerodynamic center of the RC(3)-08, 
RC(3)-IO, and RC(3)-12 airfoils (fig. 5(b)) are summarized in figure 7 as a function 
of Mach number. At Mach numbers from 0.34 to 0.58, the pitching-moment coefficients 
€or the three airfoils vary from about 0 to -0.01; the larger value is indicated for 
the RC(3)-12 airfoil, which is more highly cambered. An analysis of the static- 
pressure distributions for the three airfoils (figs. 14, 15, and 16) indicates that 
supercritical flow develops in the lower-surface leading-edge region as the Mach 
number is increased above about 0.63. The distributions are thus altered to cause 
the pitching-moment coefficients to become more negative as the Mach number is 
increased. 
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, It is i n t e r e s t i n g  t o  note  t h a t  cm = 10.021, t h e  va lue  of pitching-moment 

I c o e f f i c i e n t  t h a t  is cons idered  t o  be acceptab le  by some au tho r s  ( f o r  example, 
r e f .  131, was s a t i s f i e d  a t  Mach numbers up t o  about  0.69 f o r  t h e  RC(3)-12, up t o  
about  0.80 f o r  t h e  RC(3)-IO, and up t o  about 0.86 f o r  t h e  RC(3)-08. If  t h e s e  t h r e e  

I a i r f o i l s  w e r e  a p p l i e d  t o  a s i n g l e  h e l i c o p t e r  r o t o r ,  t h e  12-percent-thick s e c t i o n  
would be used i n  t h e  inboard regions and would ope ra t e  a t  t h e  l o w e r  Mach numbers. I f  
a lower pitching-moment c o e f f i c i e n t  w a s  des i r ed  f o r  t h e  design,  t h e  t r a i l i ng -edge  

l r e f l e x  should be inc reased .  
1 
I , Drag Coef f i c i en t  

M i n i m u m  drag.- The minimum drag of t h e  RC(3)-08 and RC(3)-10 a i r f o i l s  
( f i g .  5 ( c ) )  is cons tan t  a t  about 0.0060 ( f o r  Mach numbers t o  0.69) and is  less than 
t h e  value 0.0065 of t h e  NACA 0012 a i r f o i l  i n v e s t i g a t e d  i n  t h e  s a m e  f a c i l i t y  ( r e f .  7 )  
a t  comparable Reynolds numbers. A d i f f e rence  i n  t r a n s i t i o n  l o c a t i o n  apparent ly  
accounts  f o r  t h i s  d i f f e r e n c e  i n  drag c o e f f i c i e n t .  An a n a l y s i s  of t h e  s t a t i c - p r e s s u r e  
c o e f f i c i e n t s  ( f i g s .  14 and 15 and r e f .  7 )  i n d i c a t e s  t h a t  a t  
p re s su re  on t h e  upper s u r f a c e  of t h e  RC(3) a i r f o i l s  is  forward of t h a t  of t h e  
NACA 0012 a i r f o i l ,  bu t  on t h e  lower s u r f a c e  it is more a f t  of t h a t  of t h e  NACA 0012. 
Since boundary-layer t r a n s i t i o n  would be expected to  occur near  t h e  minimum p r e s s u r e  
l o c a t i o n  ( r e f .  111, a d i f f e r e n c e  i n  t r a n s i t i o n  is  implied.  The lower-surface i n f l u -  
ences must be predominant i n  t h i s  case to  account f o r  t h e  d i f f e r e n c e  i n  drag 
c o e f f i c i e n t .  

c ~ , ~ ~ ~ ,  t h e  minimum 

I The minimum drag  of t h e  RC(3)-12 a i r f o i l  is about 0.0070 t o  0.0075 ( f o r  Mach 
numbers t o  0.63 ( f i g .  5 ( c ) )  o r  about 0.0005 t o  0.0010 h igher  than  t h a t  of t h e  1 

I NACA 0012 a i r f o i l  ( r e f .  7 ) .  An a n a l y s i s  of t he  s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  of 
I f i g u r e  16 and r e fe rence  7 i n d i c a t e s  t h a t  t h e  inc reased  camber of t h e  RC(3)-12 a i r f o i l  

causes  a forward movement of t h e  minimum pres su re  ( a n d  t h e  t r a n s i t i o n  l o c a t i o n )  on 
both t h e  upper and lower s u r f a c e s  and thus  an i n c r e a s e  i n  sk in  f r i c t i o n  drag.  

Normal force- to-drag r a t i o . -  The maximum r a t i o s  of normal f o r c e  t o  drag  of t h e  
RC(3)-08, RC(3)-10, and RC(3)-12 a i r f o i l s  as determined from t h e  d a t a  of f i g u r e  5 ( c )  
a r e  compared with t h a t  f o r  t h e  NACA 0012 a i r f o i l  ( r e f .  7)  i n  f i g u r e  8. A s  expected, 
t h e  r a t i o  is h ighe r  f o r  t h e  RC(3)-12 s e c t i o n  than f o r  t h e  NACA 0012 a t  t h e  lower Mach 
numbers because of t h e  h igher  maximum normal-force c o e f f i c i e n t s  ( f i g .  5 ( a ) )  p rev i -  
ously d iscussed  and t h e  corresponding lower drag c o e f f i c i e n t s .  A t  t h e  h ighe r  Mach 
numbers, t h e  RC(3)-08 s e c t i o n  provides  a higher  r a t i o  than  t h e  RC(3)-12 and RC(3)-10 
because of t h e  lower d rag  a t  lower normal-force c o e f f i c i e n t s  ( f i g .  5 ( c )  1. These 
r e s u l t s  d i s p l a y  t h e  p o t e n t i a l  aerodynamic advantages of apply ing  t h i c k e r ,  more h ighly  
cambered a i r f o i l s  i n  t h e  inboard regions of a h e l i c o p t e r  r o t o r ,  where t h e  local sec- 
t i o n  Mach numbers are lower, and of applying t h e  t h i n n e r ,  less h ighly  cambered sec-  
t i o n s  t o  t h e  outboard reg ions ,  which experience h ighe r  l o c a l  s e c t i o n  Mach numbers. 

Drag divergence.-  The drag  c o e f f i c i e n t s  of f i g u r e  5 ( c )  w e r e  c ros s -p lo t t ed  as a 
func t ion  of Mach number a t  cons tan t  normal-force c o e f f i c i e n t s  ( f i g .  9 )  t o  determine 
drag-divergence Mach number ( f i g .  10 ) .  Drag divergence is  def ined  here  as t h e  f r e e -  
stream Mach number a t  which 
RC(3)-08 a i r f o i l  a t  normal-force c o e f f i c i e n t s  below about 0.1 was i n d i c a t e d  t o  be 
some value g r e a t e r  than  t h e  maximum test  Mach number of 0.88. Therefore ,  t h e  curve 
of f i g u r e  10 is p resen ted  a t  normal-force c o e f f i c i e n t s  equal  t o  or greater than  0.1. 

dc4/&l = 0.1. The drag-divergence Mach number of t h e  

A t  cn = -0.2, a l l  t h r e e  a i r f o i l s  d i sp lay  an i n c r e a s e  i n  drag  c o e f f i c i e n t  (or  
d rag  c reep )  a t  Mach numbers less than t h a t  fo r  drag  divergence ( f i g .  9 ) .  For t h e  
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RC(3)-10 and RC(3)-12 a i r f o i l s ,  t h e  onse t  of d rag  creep appears a t  Mach numbers 
between about  0.53 and 0.58. Analysis  of t h e  s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  ( f i g s .  15 
and 16) sugges ts  t h e  o n s e t  of s u p e r c r i t i c a l  f low wi th in  t h i s  Mach number range a t  t h e  
angles  of a t t a c k  (between about -2.0° and -4.OO) which b r a c k e t  
s u p e r c r i t i c a l  flow i s  e n t i r e l y  forward of t h e  lower-surface crest  (which is near  
0 . l c  a t  cn = - 0 . 2 )  and thus  would no t  be expected t o  adve r se ly  i n f l u e n c e  t h e  pres- 
s u r e  d rag  of t h e  a i r f o i l .  Therefore ,  t h e  i n c r e a s e  i n  drag  c o e f f i c i e n t  a t  Mach num- 
bers between 0.53 and 0.58 must r e s u l t  from an adverse  in f luence  of t h e  s u p e r c r i t i c a l  
flow on t h e  lower-surface boundary l a y e r  t o  r e s u l t  i n  i nc reased  s k i n - f r i c t i o n  drag. 
For t h e  RC(3)-08 a i r f o i l ,  lower-surface leading-edge-region s u p e r c r i t i c a l  f low prob- 
ab ly  occurs  a t  M = 0.58 f o r  cn = -0.2 ( f i g .  1 4 ( f ) ,  a = -1 .9) .  However, d rag  
c r e e p  does not  occur a t  t h i s  normal-force c o e f f i c i e n t  u n t i l  t h e  Mach number exceeds 
0.73. The inf luence  of s u p e r c r i t i c a l  flow is  delayed t o  a h ighe r  Mach number f o r  
t h i s  a i r f o i l .  The reason f o r  t h e  de lay  i n  drag  creep t o  M > 0.73 is  no t  r e a d i l y  
apparent .  

cn = -0 .2 .  The 

c 

A s  cn i s  increased  from -0.2 t o  -0 .1 ,  d r ag  creep is no t  i n d i c a t e d  f o r  e i t h e r  
t h e  RC(3)-10 or RC(3)-12 a i r f o i l s  below a Mach number of about  0.66 ( f i g .  9 ) .  Analy- 
sis of t h e  p re s su re  d i s t r i b u t i o n s  ( f i g s .  15 and 16) i n d i c a t e s  s u p e r c r i t i c a l  f low is  
p r e s e n t  i n  t h e  lower-surface leading-edge reg ion .  Apparently,  t h e  s u p e r c r i t i c a l  f low 
is  p r imar i ly  i n  t h e  high-curvature  reg ion  of t h e  l ead ing  edge and h a s  l i t t l e  i n f l u -  
ence on t h e  boundary-layer t h i ckness  and s k i n - f r i c t i o n  drag.  For t h e  RC(3)-08 a i r -  
f o i l  a t  The o n s e t  o E  
s u p e r c r i t i c a l  flow i s  not  confirmed by t h e  p r e s s u r e  d i s t r i b u t i o n s  a t  
because d a t a  po in t s  w e r e  n o t  ob ta ined  a t  Mach numbers from 0.63 t o  0.69. The opera- 
t i o n  of t h e  RC(3)-12 a i r f o i l  a t  nega t ive  normal-force c o e f f i c i e n t s  can be avoided by 
proper d i s t r i b u t i o n  of t h e s e  t h r e e  a i r f o i l s  a long  t h e  rotor-blade rad ius .  The 
RC(3)-10 or t h e  RC(3)-08 might be app l i ed  a t  t h e  rotor t i p .  

cn = -0.1, d rag  creep begins  a t  a Mach number of about  0.78. 
cn = -0.1 

A t  t h e  higher  normal-force c o e f f i c i e n t s  p re sen ted  f o r  each a i r f o i l  ( f i g .  l o ) ,  
t h e  slope of t h e  cn versus  Mdd curves decreases .  Analysis  of t h e  p r e s s u r e  d i s t r i -  
bu t ions  ( f i g s .  14, 15, and 16) i n d i c a t e s  t h a t  t h e  boundary l a y e r  is  a t t a c h e d  a t  t h e  
rearmost o r i f i c e  l o c a t i o n  ( 0 . 9 5 ~ ) .  This  is i n d i c a t e d  by t h e  cont inuous nega t ive  
s l o p e  of t h e  r e spec t ive  C ve r sus  x/c curves .  Analysis  also i n d i c a t e s  t h a t  f o r  
each case t h e  supercrit ica!? flow extends behind t h e  a i r f o i l  crest. Therefore ,  t h e  
inc reased  drag  ( r e s u l t i n g  i n  t h e  decrease i n  t h e  
r e s u l t s  p r i m a r i l y  from an inc rease  i n  p r e s s u r e  drag  i n s t e a d  of from an i n c r e a s e  i n  
s k i n  f r i c t i o n  drag. 

cn ve r sus  Mdd s l o p e )  probably 

A i r f o i l  Comparisons 

The drag-divergence Mach number and maximum normal-force c h a r a c t e r i s t i c s  of t h e  
RC(3)-12, RC(3)-10, and RC(3)-08 a i r f o i l s  have been compared wi th  those  of o t h e r  
r o t o r c r a f t  a i r f o i l s  with s i m i l a r  th ickness- to-chord ra t ios .  (See r e f .  5 . )  These 
comparisons are presented  i n  f i g u r e s  11, 12, and 13 and are based on d a t a  from t h e  
Langley 6- by 28-Inch Transonic  Tunnel. Therefore ,  t h e  r e s u l t s  are s u b j e c t  t o  t h e  
s a m e  cons ide ra t ions  d iscussed  i n  t h e  "Wind Tunnel" s e c t i o n  of t h i s  paper. Except f o r  
t h e  VR-7, t h e  s e c t i o n s  which are compared wi th  RC(3)-12, ~ C ( 3 ) - 1 0 ,  and RC(3)-08 
a i r f o i l s  d i d  not  apply t r a i l i ng -edge  tabs or t r a i l i n g - e d g e  r e f l e x  t o  t h e  mean l i n e  t o  
provide  near-zero p i t c h i n g  moment about  t h e  aerodynamic c e n t e r .  

A comparison of t h e  RC(3)-12 a i r f o i l  wi th  t h e  c lass ic  NACA 0012 and t h e  Boeing 
Ver to l  VR-7 with a -4.6O t r a i l i ng -edge  t a b  ( t o  provide  near-zero p i t c h i n g  moment) i s  
p resen ted  i n  figure 11. The NACA 0012 provides  t h e  h ighe r  drag-divergence Mach num- 
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bers at near-zero normal-force coefficient, primarily because of the absence of 
I camber. The lack of camber also results in both a lower drag-divergence Mach number 
at normal-force coefficient above about 0.3 and lower maximum normal-force coeffi- 
cients. The drag-divergence Mach number of the RC(3)-12 is generally higher than 

I that of the VR-7, but the maximum normal-force coefficient is about 0.1 lower. 

I A comparison of airfoil sections with thickness-to-chord ratios of about 10 per- 
cent is presented in figure 12. Included in the comparison is the Wortmann FX-098 

, (9.8 percent thick) designed for Bell Helicopter and the SC 1095 (9.5 percent thick) 
l designed by Sikorsky Aircraft. As shown by figure 12, the largest gain in drag- 
divergence Mach number was obtained for the RC(3)-10 airfoil (larger than for the 

, RC(3)-12 or RC(3)-08); the increase is greatest at normal-force coefficients above 
about 0.2. As before, the maximum normal-force coefficient of the RC(3)-10 is about ' 0.1 lower than that of the other two configurations (FX-098 and SC 1095). 

1 

I 

The sections at or near 8 percent thick are compared in figure 13 and include 
the Wortmann FX-080 (8.0-percent-thick) and FX-083 (8.3-percent-thick) airfoils 
designed for Bell Helicopter and the NLR No. 1 (8.6-percent-thick) airfoil designed 
for Bell Helicopter and NASA. Again, the drag-divergence characteristics of the 
RC(3)-08 are favorable, but the maximum normal-force coefficient is up to 0.1 lower 

j than that of other airfoils shown. 

CONCLUSIONS 

I 
Three airfoils designed €or helicopter rotor application have been investigated 

in the Langley 6- by 28-Inch Transonic Tunnel to determine the two-dimensional aero- 

numbers from about 4.4 x lo6 to 9.5 x lo6. The airfoils have thickness-to-chord 
ratios of 0.08, 0.10, and 0.12 with maximum thickness at 40 percent chord and maximum 
camber at about 35 percent chord. The maximum camber of the 10-percent-thick airfoil 
is 1.55 times that of the 8-percent-thick section, and the maximum camber of the 
12-percent-thick section is 2 times that of the 8-percent-thick section. Trailing- 
edge reflex was applied to minimize pitching moment. An analysis of the test data 
has resulted in the following conclusions: 

' 
1 dynamic characteristics at Mach numbers from 0.34 to 0.88 and respective Reynolds 
I 

I 1. The maximum normal-force coefficient of the 12-percent-thick airfoil section 
is about 0.1 higher than that of an NACA 0012 airfoil at a Mach number of about 0.35 
and about 0.2 higher at a Mach number of 0.54. 

2. The maximum normal-force coefficient of the 10-percent-thick airfoil section 
is about equal to that of an NACA 0012 airfoil at Mach numbers to 0.40 and is higher 
at Mach numbers above 0.40. 

3. The maximum normal-force coefficient of the 8-percent-thick airfoil section 
is about 0.19 lower than that of an NACA 0012 airfoil at a Mach number of 0.35 and 
about 0.05 lower at a Mach number of 0.54. 

4. At Mach numbers from 0.34 to 0.58, the pitching-moment coefficient about the 
aerodynamic center for the three airfoils varies from 0 to -0.01. The coefficient 
reaches a value of -0.02 at a Mach number of about 0.69 for the 12-percent-thick 
section, at a Mach number of 0.80 for the 10-percent-thick section, and at a Mach 
number of 0.86 for the 8-percent-thick section. 

11  



5. The drag-divergence Mach number of t h e  8-percent- thick s e c t i o n  a t  normal- 
f o r c e  c o e f f i c i e n t s  below 0.1 was i n d i c a t e d  t o  be g r e a t e r  than  t h e  maximum t e s t  Mach 
number of 0.88. A t  ze ro  l i f t ,  t h e  drag-divergence Mach numbers of t he  12- and 
10-percent-thick s e c t i o n s  a r e  about 0.77 and 0.82, r e s p e c t i v e l y .  

6.  The drag-divergence Mach numbers a r e  gene ra l ly  h igher  than  those  of compara- 
b l e  a i r f o i l s  designed f o r  h e l i c o p t e r s ,  but  t h e  m a x i m u m  normal-force c o e f f i c i e n t s  a r e  
about  0 .1  lower. 

Langley Research Center  
Nat iona l  Aeronautics and Space Adminis t ra t ion 
Hampton, VA 23665 
February 25, 1982 
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TABLE I.- DESIGN COORDINATES FOR RC(3)-08 A I R F O I L  

[ S t a t i o n s  and o r d i n a t e s  given i n  p e r c e n t  a i r f o i l  chord] 

I 

S t a t i o n  

0.00 
.31 
1.17 
2.53 
4.37 
6.51 
8.89 
11.47 
14.24 
17.19 
20 30 
23.56 
26.96 
30.48 
34.12 
37.84 
41.61 
45.120 
49.20 
52.98 
56 77 
60.55 
54.37 
68 24 
72.15 
76 06 
79.84 
83.46 
86.93 
90.28 
93.54 
96.78 

100 .oo 
A 

Upper s u r f a c e  

0 .oo 
.67 

1.31 
1.90 
2.46 
2.95 
3.39 
3.77 
4.10 
4.38 
4.61 
4.79 
4.93 
5.02 
5.08 
5.09 
5.05 
4.99 
4.88 
4.73 
4.53 
4.30 
4.02 
3.70 
3.34 
2.94 
2.53 
-. 7 . 1 1  

1.69 
1.27 
86 
.49 
13 

~~ 

L o w e r  s u r f a c e  

0.00 -. 66 
-1.10 
-1 -45 
-1 -73 
-1 -95 
-2.13 
-2.28 
-2 -40 
-2.51 
-2.61 
-2.69 
-2.79 
-2.85 
-2 88 
-2.91 
-2.93 
-2.94 
-2.93 
-2.90 
-2.86 
-2.80 
-2.71 
-2.61 
-2.47 
-2.30 
-2.10 
- 1  e e ?  

-1 -60 
-1 -29 
-.94 
-.51 
-.OS 
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TABLE 11.- DESIGN COORDINATES FOR RC(3)-10 AIRFOIL 

[ S t a t i o n s  and o rd ina te s  given i n  percent  a i r f o i l  chord] 

~~ 

S t a t i o n  

0.00 
e31 

1.09 
2.40 
4.21 
6.35 
8.72 
11.31 
14.08 

20.14 
17.02 

23.40 
26.81 
30.34 
34.00 
37.73 
41 e52 
45.34 
49.15 
52.95 
56 75 
60.55 
64 38 
68 28 
72 23 
76.19 
80 00 
83.62 
87 08 
90.41 
93.63 
96.83 
100.00 

~~~~ 

Upper sur f  ace 

0 .oo 
.91 

1 e70 
2.46 
3.19 
3.85 
4.44 
4.94 
5.38 
5.75 
6.05 
6.29 
6 -47 
6.60 
6.66 
6.67 
6.63 
6.53 
6.38 
6.17 
5.91 
5.59 
5.22 
4.79 
4.30 
3.76 
3.20 
2.64 
2.10 
1.56 
1.05 

.18 
60 

L o w e r  s u r f a c e  

0.00 
-.77 

-1 e23 
-1.62 
-1 e95 
-2.20 
-2 -40 
-2.56 
-2 70 
-2 82 
-2.92 
-3.02 
-3.11 
-3.18 
-3.25 
-3.30 
-3.34 
-3.36 
-3 36 
-3.35 
-3.31 
-3 26 
-3.18 
-3.08 
-2 94 
-2.76 
-2 54 
-2.27 
-1 -96 
-1.59 
-1.17 
-e63 
-.02 
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TABLE 111.- DESIGN COORDINATES FOR RC(3)-12 A I R F O I L  

[S ta t ions  and o r d i n a t e s  given i n  pe rcen t  a i r f o i l  chord1 

S t a t i o n  

0.00 
.37 

1.25 
2.60 
4.38 
6.52 
8.92 
11.53 
14.33 
17.30 

23.72 
27.13 
30.66 

20 44 

34 29 
38.01 
41.77 
45.58 
49.39 
53.21 
57.03 

64.75 
60.88 

68.71 
72.72 
76.71 
80.53 
84.15 
87.44 
90.56 
93 62 
96.75 

100.00 

Upper s u r f a c e  

0.00 
1.00 
1.94 
2.86 
3.76 
4.59 
5.33 
5.98 
6.53 
7.01 
7.40 
7.71 
7.95 
8.10 
8-19 
8.19 
8.13 
8.00 
7.79 
7.52 
7.17 
6.76 
6.27 
5.70 
5.07 
4.37 
3.67 
2.96 
2.31 
1.70 
1.14 
62 
13 

L o w e r  s u r f a c e  

0.00 
-.go 

-1 e57 
-2.08 
-2.49 
-2.78 
-2.98 
-3.13 
-3 25 
-3.35 
-3.44 
-3.52 
-3 60 
-3  68 
-3.74 
-3.80 
-3.85 
-3.88 
-3.90 
-3.90 
-3 89 
-3 85 
-3.79 
-3 69 
-3.55 
-3 36 
-3.12 
-2.82 
-2 49 
-2.08 
-1 e54 
- e 8 9  
-.13 



TABLE 1V.- STATIC-PRESSURE O R I F I C E  LOCATIONS FOR RC(3)-08 A I R F O I L  

[Locations given in percent airfoil chord] 

upper-surface 
station 

1.17 
2.60 
4.92 
7.46 
10.00 
15.03 
20 04 
25.02 
30 06 
35 05 
39.99 
45.00 
50 05 
55.02 
60 05 
65.01 
70.02 
75.01 
79.97 
84.96 
89 98 
94.99 

Lower-surface 
stat ion 

1.17 
2 a43 
4.99 
7.48 
10.00 
15.02 
20.01 
24 98 
30.00 
34.98 
40.02 
45.04 
50.00 
55.01 
60.01 
65 04 
70.03 
75.01 
80.01 
85 08 
90.03 
95.04 
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TABLE V.- STATIC-PRESSURE O R I F I C E  LOCATIONS FOR RC(3)-10 A I R F O I L  

[Locat ions given i n  p e r c e n t  a i r f o i l  chord] 

Upper - s u r  f a c e 
s t a t i o n  

1.29 
2.42 
4.91 
7.44 
9.96 

15.00 
19.99 
24.97 
29.98 
35 00 
39.92 
44.95 
49.97 
54.99 
59.99 
64 97 
69.99 
74.99 
8 0  00 
83.34 
89.95 
94.98 

Lower-surface 
s t a t i o n  

1.21 
2.45 
4.98 
7.55 

10.02 
15.07 
20 03 
25 04  
30.06 

40.02 
45.07 
49.99 
54.97 
60.00 
64.97 
69.98 
75.00 
79.97 
85.02 
90.00 
95.05 

35.05 
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TABLE V I . -  STATIC-PRESSURE O R I F I C E  LOCATIONS FOR RC(3)-12 AIRFOIL 

[Locations given i n  percent a i r f o i l  chord] 

~~~~ ~ 

Upper-surf ace 
s t a t i o n  

1.00 
2 -33 
4.84 
7.38 
9.85 
14.91 
19.91 
24 92 
29.94 
34 96 
39.99 
44.97 
49.98 
55.03 
60.01 
65.08 
70.03 

80.10 
85.04 
90.02 

75.02 

95 02 

Lower-surface 
s t a t i o n  

1.15 
2.44 
4.92 
7.47 
9.96 
14.98 
20.00 
24 98 
29.99 
34.98 
39.98 
44.99 
49.99 
54.98 
59.98 
65.00 
70 06 
74.99 
80.01 
85.00 
89.91 
95 00 
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Figure 4.- Wake-survey probe used in Langley 6- by 28-Inch Transonic Tunnel. 
All dimensions are in centimeters (inches). 
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(b) Sec t ion  pitching-moment c o e f f i c i e n t .  

Figure 5 .- Continued. 
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( c )  Sec t ion  drag  coeEf i c i en t .  

F igure  5 .- Concluded. 
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( c )  Sec t ion  drag  coeEf i c i en t .  

F igure  5 .- Concluded. 
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Figure 6.- Variation in maximum normal-force coefficient with Mach number. 
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Figure 9.- V a r i a t i o n  i n  section drag coef€icient w i t h  tqach number, 
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Figure 10.- Variation in section normal-force coefficient with drag-divergence 
i v l a d i  number. 
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Figure 1 1  .- Comparison of maximun normal-force coefficient 
and drag-divergence Mach number for 12-percent-thick air- 

- foils (data from Langley 6- by 28-Inch Transonic Tunnel). 
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Figure 12.- Comparison of maximum normal-force coefficient 
and drag-divergence Mach number for near- IO-percent-thick 
airfoils (data from Langley 6- by 28-Inch Transonic Tunnel). 
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Figure  13.- Comparison of maximum normal-force c o e f f i c i e n t  
and drag-divergence Mach number f o r  near-8-percent-thick 
a i r f o i l s  ( d a t a  from Langley 6- by 28-Inch Transonic  Tunnel ) .  
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Figure 14.- Pressure d is t r ibu t ion  over RC(~)-OR a i r f o i l .  Symbols w i t h  

ins ide indicate  lower s u r  face. 
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6 (b) M = 0.38; R CJ 5.1 x 10 . 
Figure  14.- Continued. 
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( C )  M 0 . 4 4 :  R SJ 5.7 x 10 6 . 
Figure 14.- Continued. 
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6 ( d )  P4 = 0.48;  R = 6 . 3  x 10 . 
Figure 14.- Continued. 
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Figure 14.- Continued.  
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6 ( f )  M = 0.58; R = 7.3 x 10 . 
Figure 14.- Continued. 
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6 (g) M = 0 . 6 3 ;  R = 8.0 x 10 . 
Figure 14.- Continued. 
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6 (h) M = 0.69; R 8.3 x 10 . 
Figure 14.- Continued.  
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6 
(i) M 0.72; R x 8 . 5  x 10 . 

Figure  14.- Continued. 



5 (1) 14 = 0.78; R = 5.8 x 10 . 
Figure 14.- Continued. 
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6 (k) M = 0.82; R = 9 . 3  x 10 . 
Figure 14.- Continued. 



x/c  

6 (1) M za 0.84; R IJ 9 . 1  X 10 . 
Figure 14.- Continued. 
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6 (m) M = 0.88; R !=, 9.5 x i o  . 
Figure 14. - Concluded. 
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( a )  M = 0.34; R = 4.4 x 10 6 . 
Figure 15.- Pressure  d i s t r i b u t i o n  over RC(3)-10 a i r f o i l .  Symbols with 

0 

I1 + I1 
~ 

i n s i d e  i n d i c a t e  lower sur face .  
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6 (b) M = 0.39; R = 5 . 1  x 10 . 
Figure 15.- Continued.  
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6 (c) M = 0.44;  R = 5.7 x 10 . 
Figure 15.- Continued. 
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6 (d) M = 0.49; R = 6 . 3  x 10 . 
Figure 15.- Continued. 
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6 (e) 14 = 0.54; R = 6.8 x 10 . 
Figure 15.- Continued. 
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(f) M = 0.58; R = 7 . 3  x 10 6 . 
Figure 15.- Continued. 
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(9)  M = 0 .63;  R = 8.0 x 10 . 

F i g u r e  15.- Continued. 
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6 (h) M = 0.69; R = 8.3 x 10 . 
Figure 15.- Continued. 
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6 (i) M FJ 0.73; R = 8.5 x 10 . 
Figure  15.- Continued. 
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6 (1 )  M = 0.78; R FJ 8.8 x 10 . 
Figure 15. - Continued. 
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6 (k) M IJ 0.83; R IJ 9.1  x 10 . 
Figure 15. - Continued. 
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6 (1) M = 0.88; R - 9.5 X 10 . 
Figure 15.- Concluded. 
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Figure  16.- Pressure  d i s t r i b u t i o n  over RC(3)-12 a i r f o i l .  Symbols with  “+‘I 
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(b) M = 0.38; R % 5 . 1  X IO 6 

Figure  16;- Continued. 
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F i p r e  16.- Continued. 
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Figure 16.- Continued. 
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Figure 16. - Continued. 
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6 (f) M = 0.58; R = 7.3 x 10 . 
Figure  16.- Continued. 
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(9) M = 0.63; R = 8.0 x 10 . 

Figure 16.- Continued. 
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6 (h) M = 0.68; R = 8.3 x 10 . 
Figure 16. - Continued. 
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6 (i) M = 0.73; R = 8.5 x 10 . 
F i g u r e  16.- Continued. 
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6 (j) M E 0.78; R 8.8 X 10 . 
Figure 16.- Continued. 
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Figure 16. - Concluded. 

70 

I 

I 

I 

\ 

I 

i 
I 

I 

I 

- 



2. Government Accession No. 1. Report No. 
NASA TP-2000 AVRADCOM TR 82-B-2 

4. Title and Subtitle 

TWO-DIMENSIONAL AERODYNAMIC CHARACTERISTICS OF THREE 
ROTORCRAFT AIRFOILS AT MACH NUMBERS FROM 0.35 to 0.90 

7. Author(s) 

Gene J. Bingham and Kevin W. Noonan 

9. Performing Organization Name and Address 
Structures Laboratory 
AVRADCOM Research and Technology Laboratories 
NASA Langley Research Center 
Hampton, VA 23665 

2. Sponsoring Agency Name and Address 
National Aeronautics and Space Administration 
Washington, DC 20546 

and 
U . S .  Army Aviation Research and Development Command 
St. Louis, MO 63166 

Gene J. Bingham and Kevin W. Noonan: Structures Laboratory, AVRADCOM Research 
and Technology Laboratories. 

3. Recipient's Catalog No. 

5. Report .Date 

May 1982 
6. Performing Organization Code 

505-31-33-07 
8. Performing organization Report No. 

L-14955 
10. Work Unit No. 

11. Contract or Grant No. 

- 
13. Type of Report and Period Covered 

Technical Paper 

14. Army Project No, 

1L161102AH45 

6. Abstract 
Three airfoils designed for helicopter rotor application have been investigated in 
the Langley 6- by 28-Inch Transonic Tunnel to determine the two-dimensional aero- 
dynamic characteristics at Mach numbers fron 0.34 to 0.88 and respective Reynolds 
numbers from about 4.4 x lo6 to 9.5 x lo6. 
ratios of 0.08, 0.10, and 0.12. Trailing-edge reflex was applied to minimize 
pitching moment. The maximum normal-force coefficient of the RC(3)-12 airfoil is 
from 0.1 to 0.2 higher, depending on Mach number M, than that of the NACA 0012 air- 
foil tested in the same facility. The maximum normal-force coefficient of the 
RC(3)-10 is about equal to that of the NACA 0012 at Mach numbers to 0.40 and is 
higher than that of the NACA 0012 at Mach numbers above 0.40. The maximum normal- 
force coefficient of the RC(3)-08 is about 0.19 lower than that of the NACA 0012 at 
a Mach number of 0.35 and about 0.05 lower at a Mach number of 0.54. 
divergence Mach number of the RC(3)-08 airfoil at normal-force coefficients below 
0.1 was indicated to be greater than the maximum test Mach number of 0.88. At zero 
lift, the drag-divergence Mach numbers of the RC(3)-12 and the RC(3)-10 are about 
0.77 and 0.82, respectively. 

The airfoils have thickness-to-chord 

The drag- 

9. Security Classif. (of this report) 
Unclassified 

7. Key Words (Suggested by Author(s)) 
Airfoils 
Airfoil design 
Helicopter airfoils 

21. No. of Pages 22. Price 20. Security Classif. (of this page) 
Unclassified 71 

18. Distribution Statement 

Subject Category 02 

I 

I 

I 
I 
i 
~ 

I 

I 

I 

1 
I 
I 

I 

I 
I 

I 

1 
1 

NASA-Langley, 1982 


